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Introduction {#sec001}
============

Visceral leishmaniasis (VL), also known as Kala-azar, is a severe and highly lethal disease caused by two species of protozoan parasites, *Leishmania infantum* and *L*. *donovani*. *L*. *infantum* and *L*. *donovani* are members of the *Leishmania donovani* complex, However, recent publications have also suggested that other *Leishmania* species, such as *L*. *amazonensis*, can cause visceral leishmaniasis \[[@pone.0211719.ref001]\]. While *L*. *infantum* is zoonotic in Europe, North Africa, and Latin America, *L*. *donovani* is anthroponotic in East Africa and the Indian subcontinent \[[@pone.0211719.ref001]\]. VL is classified as a neglected tropical disease that occurs in 65 countries; 90% of the cases are concentrated in Bangladesh, India, Nepal, Sudan, and Brazil \[[@pone.0211719.ref002]\]. Brazil is the third most relevant endemic area in the world and presents the highest number of reported VL cases in the Americas. The number of new cases has been increasing due to the steady growth of infected dog population \[[@pone.0211719.ref003],[@pone.0211719.ref004]\].

In Brazil, dogs are the main reservoirs of *L*. *infantum*. Therefore, correct identification and euthanasia of dogs harboring the parasite is one of the main targets of leishmaniasis control measures \[[@pone.0211719.ref005]\]. However, this aggressive practice of canine elimination has been shown ineffective because the number of new cases and mortality from VL have continued to increase. This may be due to failure to correctly identify positive animals \[[@pone.0211719.ref003],[@pone.0211719.ref004],[@pone.0211719.ref006]\].

Control of zoonotic VL relies on three main measures: proper diagnosis and treatment of human patients, euthanizing dogs that test positive via serologic diagnostic tests, and controlling the adult forms of the insect vector. Such procedures may dramatically reduce transmission \[[@pone.0211719.ref007],[@pone.0211719.ref008]\] if employed long term \[[@pone.0211719.ref009]\]. Despite the aforementioned control efforts, the incidence of human VL is still elevated \[[@pone.0211719.ref010]\]. In endemic areas, over 80% of infected dogs are asymptomatic \[[@pone.0211719.ref011]\] and cannot be properly diagnosed by serological tests. Acquiring reliable serodiagnostic tests to efficiently detect asymptomatic infected dogs remains one of the most important issues in the control of VL.

Among the antigens used to detect VL, the rK39 antigen shows greater sensitivity and specificity for the diagnosis of VL than do rK26, rK28, and rKE16 \[[@pone.0211719.ref012]\]. One of the best available diagnostic tools currently available for VL diagnosis is an immunochromatographic test (ICT) based on the rK39 antigen; this test shows excellent performance (93--100% sensitivity and 97--98% specificity) in many endemic countries \[[@pone.0211719.ref013]--[@pone.0211719.ref016]\]. The rK39 is a series of 39-amino acid-long repeats that are part of the kinesin protein (TriTrypDB: Linj.14.1180) in *L*. *infantum* \[[@pone.0211719.ref017]\]. Kinesins are a superfamily of motor proteins that are present in all eukaryotes, and play important roles in regulating mitotic processes and controlling flagellar length in the *Leishmania* species \[[@pone.0211719.ref018],[@pone.0211719.ref019]\]. The high antigenicity of recombinant proteins, derived from *Leishmania* kinesins, is related to long repetitive motifs in the kinesin amino acid sequence \[[@pone.0211719.ref017],[@pone.0211719.ref020]--[@pone.0211719.ref022]\]. In the current study, we describe the engineering and performance of a new recombinant kinesin degenerated derived repeat, rKDDR, isolated from *L*. *infantum*. ELISA assays using rKDDR, rK39, and the EIE-LVC kit were compared using canine sera, while ELISA assays using rKDDR and rK39 were compared using human sera. Our results show that the rKDDR-ELISA showed the highest sensitivity and specificity compared with that using rK39 and that of the EIE-LVC kit. This shows that rKDDR-based assays have potential application in immunodiagnosis of VL.

Materials and methods {#sec002}
=====================

Human and dog sera {#sec003}
------------------

This was a retrospective study using a total of 132 human sera samples divided into three groups: 84 sera samples from patients with human with VL (HVL), 17 sera samples from patients with chronic Chagas disease (Tc) (used to evaluate cross-reactivity with *T*. *cruzi*), and 31 sera samples from healthy individuals serving as negative controls (NC). Parasitological positivity for *L*. *infantum* in the HVL group was confirmed by microscopic analysis of biopsied bone marrow aspirates and by qPCR assays specific for *Leishmania* kDNA \[[@pone.0211719.ref023]\]. Patient medical records were used to obtain information on results of clinical evaluation and PCR assays. These parameters were the main eligibility criteria for human samples. All sera samples were convenience series obtained from the Hospital Clemente de Farias (Montes Claros, Minas Gerais State, Brazil). Infection with *T*. *cruzi* in patients with Chagas disease was confirmed by hemoculture or by combined positivity indicated by Chagatest-ELISA Recombinante version 3.0 kit (Wiener Laboratorios, Santa Fé, Argentina) and Chagatest Indirect Hemagglutination Assay (IHA; Wiener Laboratorios).

The canine serum panel consisted of 207 samples, of which 96 samples (CVL) were from dogs naturally infected with *L*. *infantum*; these samples were obtained from an area endemic for canine VL in the Minas Gerais State, Southeast Brazil. Infection with *L*. *infantum* in dogs was confirmed by microscopic analysis of bone marrow aspirates. This was the main eligibility criterion for CVL sera samples used in this study. Sera of dogs parasitologically negative for *Leishmania*, but infected with *Babesia* (n = 15) or experimentally infected with *T*. *cruzi* (Tc, n = 15), were used to assess cross-reactivity with these parasites. Eighty-one sera samples acquired from dogs in an area non-endemic for VL, showing negative results for *Leishmania* as assessed by microscopic analysis of bone marrow aspirates, were used as the negative control (NC) group.

Ethical statement {#sec004}
-----------------

This study was performed in accordance with the guidelines of Brazilian College of Animal Experimentation (COBEA), following the Brazilian law for ''Procedures for the Scientific Use of Animals" (11.794/2008). This study was approved by the Ethics Committee on Animal Use (protocol number 44/2012) of the Federal University of Minas Gerais (UFMG). All experiments involving human samples were approved by the Research Ethics Committee (COEP) (00842112.2.0000.5149) of the Federal University of Minas Gerais (UFMG). All human sera samples were anonymized. The Informed Consent Form (ICF) for research involving human samples was approved by COEP/UFMG. Participating individuals signed an Informed Consent Form agreeing to participate in the study. For patients younger than 18 years of age, the parents signed the Informed Consent Form, consenting to the child\'s participation.

Bioinformatic prediction of B-cell linear epitopes and structural disorder {#sec005}
--------------------------------------------------------------------------

We next assessed the antigenic potential of rKDDR. For this, the complete amino-acid sequence of rKDDR was analyzed using linear prediction of B-cell epitopes via BepiPred 1.0 program with a cut-off of 1.3 \[[@pone.0211719.ref024]\]. We then evaluated the degree of structural disorder in the kinesin sequence using the IUPred program with a cut-off of 0.5 \[[@pone.0211719.ref025]\]. The antigenicity graph was generated by combining the scores obtained from the BepiPred and IUPred predictors using Perl script.

Cloning the *KDDR* gene {#sec006}
-----------------------

To amplify the repetitive-region fragment of the kinesin gene from *L*. *infantum* genomic DNA, we designed the *KDDR* primers (forward: `5’ GCTAGCCGTGAAAGCGCCTGC 3’`) and (reverse: `5’ CTCGAGTCAGGCCTCCAGCTGA 3’`), containing the sites for restriction enzymes *Nhe*I (GCTAGC) and *Xho*I (CTCGAG), respectively, at the 5\' ends to facilitate cloning. The PCR product was excised from the gel, purified, and cloned into a *p*GEM-T Easy Vector (Promega, USA). Competent cells from *Escherichia coli* XL1-Blue (Phoneutria, Brazil) were transformed with the recombinant plasmid *p*GEM/KDDR. After positive clones were confirmed by digestion with the enzymes *Nhe*I and *Xho*I, the KDDR insert was subcloned into a bacterial expression vector *p*ET28a-TEV. Electrocompetent *E*. *coli* BL21-Star (Thermo Fisher Scientific, USA) cells were transformed with the recombinant plasmid *p*ET28a-TEV/KDDR by electroporation using a MicroPulser Electroporation Apparatus (Bio-Rad Laboratories, USA). Correct gene insertion was confirmed by colony PCR and Sanger sequencing using T7 primers (Macrogen, South Korea).

Expression and purification of recombinant KDDR {#sec007}
-----------------------------------------------

The expression of rKDDR in transformed *E*. *coli* cells was induced after the addition of 1mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubation for 3 h at 37°C at 200 rpm. Cells were ruptured by sonication, and soluble fractions were obtained by centrifugation. The recombinant protein was purified using Ni^2+^ affinity chromatography with HisTrap HP 5 mL column (GE Healthcare, USA) coupled to an ÄKTA Prime Plus system (GE Healthcare, USA). The purified rKDDR protein, having 362 amino acids and predicted molecular weight of 40.2 kDa, was separated by SDS-PAGE.

Enzyme-linked immunosorbent assay {#sec008}
---------------------------------

rKDDR ELISA (SafeTest Diagnostic, Brazil), as well as rK39 ELISA and the EIE-LVC kit (FIOCRUZ-Bio-Manguinhos, Brazil), were used according to the manufacturer's instructions. rK39 ELISA and the EIE-LVC are used as reference tests in laboratory assays available commercially for the diagnosis of visceral leishmaniasis. In this study, 96-well ELISA microplates (Costar, USA) were coated with 50 ng of recombinant antigen diluted in 100 μL carbonate buffer \[15 mM Na~2~CO~3~ (Synth, Brazil); 34 mM NaHCO~3~ (Merck, Brazil); pH = 9.6\] and incubated for 16 hours (overnight) at 4°C. Plates were blocked with 150 μl of 2% casein in phosphate buffered saline (PBS; pH = 7.4) for 2 hours at room temperature. After blocking, 100 μL of human or canine sera, diluted at 1:100 in a solution of PBS and 0.05% Tween 20 (pH 7.4), was added to the wells and incubated for 12--16 hours (overnight) at 4°C. Plates were washed five times with a washing solution of PBS and 0.05% Tween 20. Then, peroxidase-conjugated antibody (Sigma-Aldrich, USA), specific for human or canine IgG, was diluted 1:5000 in a solution of PBS and 0.05% Tween 20 and added to all wells at 100 μL per well. Plates were incubated at 37°C for 1 hour and 30 minutes, and then washed five times with washing solution. Finally, 100 μL of substrate solution \[0.1 M citric acid, 0.2 M Na~2~PO~4~, 0.05% o-phenylenediamine dihydrochloride (OPD), and 0.1% H~2~O~2~\] was added to the wells, followed by incubation at 37°C for 10 minutes. The reaction was then stopped by adding 50 μL of 4N H~2~SO~4~. Absorbance was measured in using an automated microplate ELISA reader (VersaMax, Molecular Devices, USA) at 492 nm.

Statistical analysis {#sec009}
--------------------

All statistical analyses were performed using GraphPad Prism software (version 5.0). We performed a sample-size calculation to determine the ideal sample number for a diagnostic accuracy study. To maximize sensitivity and specificity, the lower limit of positivity (cut-off) for each recombinant protein was determined based on Receiver Operating Characteristic (ROC) curve \[[@pone.0211719.ref026]\]. The performance of each assay was evaluated according to sensitivity (Se), specificity (Sp), positive predictive value (PPV), negative predictive value (NPV), area under the curve (AUC), and accuracy (AC). The degree of agreement between rKDDR ELISA, rK39 ELISA, and the EIE-LVC kit with a parasitological assay (biopsy or PCR) was determined using Kappa index (κ) values with 95% confidence intervals. Kappa index values were interpreted according to the following Fleiss scale: 0.00--0.20, poor; 0.21--0.40, fair; 0.41--0.60, moderate; 0.61--0.80, good; 0.81--0.99, very good; and 1.00, perfect \[[@pone.0211719.ref027]\].

Results {#sec010}
=======

Linear B-cell epitopes and structural disorder predictions in *L*. *infantum* kinesin protein {#sec011}
---------------------------------------------------------------------------------------------

In this study, we used the BepiPred 1.0 tool to predict linear B-cell epitopes in the kinesin of *L*. *infantum*. This was done to evaluate the antigenic potential of rKDDR. We also determined the degree of structural disorder along the kinesin sequence using the IUPred tool. The results of predictions, shown in [Fig 1](#pone.0211719.g001){ref-type="fig"}, indicate numerous predicted linear B-cell epitopes in the repetitive region of this kinesin.

![Predictions of B-cell linear epitopes and intrinsically unstructured/disordered regions (entropy) of *L*. *infantum* kinesin partial gene.\
The first thousand amino acids of the kinesin protein of *L*. *infantum* (TriTrypDB ID: Linj.14.1180) are represented by the black ruler at the top of the figure. Each of the numbered black boxes (1 to 15) represents the repetitive motif units of 39 amino acids of this kinesin. At the bottom of the figure, the dashed black line indicates the beginning of the repetitive sequence region. The light gray box and dark gray box represent the position and size of rK39 and rKDDR sequences, respectively. The green boxes indicate B-cell epitopes predicted by BepiPred, and the red boxes indicate disordered regions predicted by IUPred. Predicted regions as B-cell linear epitopes that are associated with a high degree of structural disorder also exhibit a high antigenicity score, as observed in the graph at the center of the figure.](pone.0211719.g001){#pone.0211719.g001}

Concerning the entropy observed in the kinesin, we detected a long region of structural disorder in the repeat region, as predicted by the IUPred program. This suggests a greater degree of structural linearization in this region of the kinesin. The presence of these unfolded regions in the protein likely facilitates access for antibody binding. The co-localization of disordered regions with B-cell epitope predictions reinforces the accuracy of predictions ([Fig 1](#pone.0211719.g001){ref-type="fig"}). Once location of the repetition blocks was also mapped on the sequence, it was possible to determine the overlap between repetitive motifs and peaks of antigenicity scores, obtained by combining the predictions described above ([Fig 1](#pone.0211719.g001){ref-type="fig"}).

The rK39 protein retains a substantial portion of its sequence outside the repeat region. Conversely, the rKDDR protein is mainly composed of the repetitive region ([Fig 1](#pone.0211719.g001){ref-type="fig"}). For this reason, rKDDR shows a greater number (9) of linear B-cell epitopes in its sequence compared with that of rK39 (7).

Cloning, expression, and purification of soluble recombinant KDDR {#sec012}
-----------------------------------------------------------------

The coding region of rKDDR, contained in the kinesin gene (TriTrypDB ID: Linj.14.1180) of *L*. *infantum* genomic DNA, was amplified by PCR. The PCR product was cloned into a *p*GEM-T Easy vector and subcloned into the bacterial expression vector *p*ET28a-TEV. In order to confirm the identity of the cloned KDDR, the plasmid containing the KDDR insert (*p*ET28a-TEV/KDDR) was sequenced. The construct *p*ET28a-TEV/KDDR was then transformed by electroporation into *E*. *coli* BL21-Star. The recombinant KDDR protein was expressed by IPTG induction and presented a high degree of solubility ([Fig 2A](#pone.0211719.g002){ref-type="fig"}). After purification by affinity chromatography, the KDDR protein with high level of purity was obtained ([Fig 2B](#pone.0211719.g002){ref-type="fig"}).

![Analysis of expression in bacteria and purification of recombinant KDDR protein.\
**(A)** Bacterial extracts containing the plasmid *p*ET28a-TEV/KDDR were separated on 12.5% SDS-PAGE and stained with Coomassie Blue before (0 h) and after (3 h) induction with IPTG. The solubility of the protein was evaluated after bacterial lysis and separation of soluble and insoluble fractions by centrifugation. The red arrow indicates the KDDR protein band after expression. **(B)** The soluble fraction of the bacterial lysate containing rKDDR was purified by affinity chromatography, and the protein was obtained with the expected molecular weight of 40.2 kDa. MW: molecular weight; kDa: kilodalton.](pone.0211719.g002){#pone.0211719.g002}

Molecular analysis of rKDDR {#sec013}
---------------------------

The rKDDR protein has an open reading frame (ORF) containing 1,086 base pairs that encode 362 amino acids ([Fig 3A](#pone.0211719.g003){ref-type="fig"}), resulting in a predicted molecular weight of 40.2 kDa and isoelectric point (pI) of 4.63. The recombinant KDDR protein showed 8.5 blocks of 39 amino-acid repeats, with 92% of its protein sequence consisting of repetitive motifs, with remaining 8% derived from the plasmid and from a small part (10 amino acids) of the non-repetitive portion of the kinesin. There is some degree of degeneration when comparing the 39 amino acids derived from repetitive blocks, but substitutions are usually located in the same positions ([Fig 3B](#pone.0211719.g003){ref-type="fig"}).

![DNA sequence and predicted amino acid sequence of the KDDR protein.\
**(A)** Nucleotide sequence of KDDR is shown in lowercase letters, and the deduced amino acid sequence is shown in uppercase letters; underlined in black are repetitive motifs of 39 amino acids, and underlined in red are the His-Tags. Nucleotide sequences in blue correspond to sites of restriction enzymes *Nhe*I and *Xho*I, and the color green designates the stop codon sequence added. **(B)** Consensus sequence of repetitive motifs of KDDR. Arrows indicate the positions of amino-acid degeneration, and the ruler at the bottom of the figure represents the number of amino acids present in the repetitive motif.](pone.0211719.g003){#pone.0211719.g003}

Validation and higher performance of rKDDR antigen in the diagnosis of canine VL {#sec014}
--------------------------------------------------------------------------------

Validation of rKDDR for serological diagnosis of CVL was performed using ELISA. The performance of rKDDR was initially compared with that of the rK39-ELISA assay because the rK39-ELISA shows excellent performance in the serodiagnosis of CVL. The performance of rKDDR was also compared with the commercially available EIE-LVC (FIOCRUZ-Bio-Manguinhos, Brazil) kit, since this kit is widely employed and recommended for diagnosis of CVL in endemic areas. We analyzed the EIE-LVC test results using two cut-off values because the cut-off values described in the manufacturer\'s manual are too low, implying high sensitivity and poor specificity. Our results show that the cut-off value obtained by the ROC curve (0.162) was nearly 4 times higher than the cut-off value indicated in manufacturer's manual (0.045) ([Fig 4A and 4B](#pone.0211719.g004){ref-type="fig"}).

![Comparing reactivity of canine sera using rK39 and rKDDR ELISA assays and the EIE-LVVLC kit.\
Reactivity of canine sera assessed using EIE-LVC kit **(A-B)**, analyzed with two cut-off values; rK39 **(C)**; and rKDDR **(D)**. The different ELISA assays were performed using sera from the following groups of dogs: NC, negative control (n = 81); Babesia, dogs with babesiosis to assess cross-reactivity (n = 15); Tc, dogs with Chagas disease to evaluate cross-reactivity (n = 15); and CVL, dogs with canine visceral leishmaniasis (n = 96). The y-axis shows absorbance at 492 nm. The x-axis shows different groups of canine sera. The red line shows the lower limit of positivity (cut-off). The index above each column in the plot indicates the percentage of points that are above the cut-off. The ROC curve was used to determine the cut-off for each test. \*Cut-off obtained by the ROC curve; ^\#^Cut-off obtained according to manufacturer's manual.](pone.0211719.g004){#pone.0211719.g004}

The profile antibody (IgG) reactivity against rKDDR presented no cross-reactivity with the *Babesia* sp. and *T*. *cruzi* ([Fig 4D](#pone.0211719.g004){ref-type="fig"}). Conversely, the rK39-ELISA showed lower specificity and sensitivity in diagnosing CVL diagnosis compared with those of the rKDDR ELISA ([Fig 4C](#pone.0211719.g004){ref-type="fig"}). The EIE-LVC kit showed higher sensitivity but lower specificity ([Fig 4A and 4B](#pone.0211719.g004){ref-type="fig"}) even when both cut-offs (that of the manufacturer and that obtained via ROC curve) were used. The rKDDR-ELISA showed higher sensitivity (88.54%, 95% CI: 80.42 to 94.14%) and specificity (97.30%, 95% CI: 92.30 to 99.44%) compared with those of the rK39-ELISA, which showed a sensitivity of 78.13% (95% CI: 68.53 to 85.92%) and specificity of 90.09% (95% CI: 82.96--94.95%) ([Table 1](#pone.0211719.t001){ref-type="table"}). The rKDDR-ELISA showed the largest area under the ROC curve (AUC; area under curve = 0.954, 95% CI: 0.922 to 0.985) compared with that of rK39-ELISA (AUC = 0.901, 95% CI: 0.869 to 0.949) ([Fig 5](#pone.0211719.g005){ref-type="fig"} and [Table 2](#pone.0211719.t002){ref-type="table"}). As shown in [Table 1](#pone.0211719.t001){ref-type="table"}, the rKDDR-ELISA also reached the highest positive predictive value (PPV) (96.70%), followed by that of rK39 (87.20%), and that of the EIE-LVC kit (84.90% for cut-off obtained by ROC curve; 64.18% for cut-off obtained from manufacturer\'s manual).

![Comparison of ROC curves obtained for ELISA assays used with canine sera.\
ROC curves for the EIE-LVC kit, and rK39- and rKDDR-ELISA assays were generated by Prism 5.0 software; cut-offs, sensitivity, specificity, and AUC (area under the curve) were then determined. The y-axis represents the sensitivity of, and the x-axis represents the specificity of, each assay.](pone.0211719.g005){#pone.0211719.g005}

10.1371/journal.pone.0211719.t001

###### Sensitivity, specificity, positive and negative predictive value, and accuracy of ELISA assays in diagnosing canine sera.

![](pone.0211719.t001){#pone.0211719.t001g}

  ELISA Test                                                   *Cut-off*   Parameters[^α^](#t001fn002){ref-type="table-fn"}                                                         
  ------------------------------------------------------------ ----------- -------------------------------------------------- -------------- ------- -------------- ------- ------- -------
  **rKDDR**[\*](#t001fn003){ref-type="table-fn"}               0.111       88.54                                              80.42--94.14   97.30   92.30--99.44   96.70   90.76   93.24
  **rK39**[\*](#t001fn003){ref-type="table-fn"}                0.131       78.13                                              68.53--85.92   90.09   82.96--94.95   87.20   82.64   84.54
  **EIE-LVC Kit**[\*](#t001fn003){ref-type="table-fn"}         0.162       93.75                                              86.89--97.67   86.49   78.69--92.23   84.90   94.05   89.37
  **EIE-LVC Kit**[^**\#**^](#t001fn004){ref-type="table-fn"}   0.045       98.96                                              94.33--99.97   52.25   42.56--61.82   64.18   98.30   73.91

Abbreviations: (CI) confidence interval; (PPV) positive predictive value; (NPV) negative predictive value; (AC) accuracy

^α^ The calculation of the parameters was performed using all dog serum samples of this work (NC, n = 81; Babesia, n = 15; Tc, n = 15; CVL, n = 96)

\* Cut-off calculated based on ROC curve

^\#^ Cut-off calculated according to the manual of EIE-LVC kit.

10.1371/journal.pone.0211719.t002

###### Results of diagnostic agreement between rKDDR-ELISA, rK39-ELISA, and the EIE-LVC kit assessed using canine sera.

![](pone.0211719.t002){#pone.0211719.t002g}

  ELISA Test                                                   AUC     95% CI         tP   tN    FP   FN   κ[^α^](#t002fn002){ref-type="table-fn"}   95% CI         Agreement[^β^](#t002fn003){ref-type="table-fn"}
  ------------------------------------------------------------ ------- -------------- ---- ----- ---- ---- ----------------------------------------- -------------- -------------------------------------------------
  **rKDDR**[\*](#t002fn004){ref-type="table-fn"}               0.954   0.922--0.985   85   108   3    11   0.863                                     0.794--0.932   Very good
  **rK39**[\*](#t002fn004){ref-type="table-fn"}                0.901   0.869--0.949   75   100   11   21   0.687                                     0.588--0.786   Good
  **EIE-LVC Kit**[\*](#t002fn004){ref-type="table-fn"}         0.951   0.924--0.978   90   95    16   6    0.788                                     0.704--0.871   Good
  **EIE-LVC Kit**[^**\#**^](#t002fn005){ref-type="table-fn"}   NA      NA             95   58    53   1    0.494                                     0.393--0.595   Moderate

Abbreviations: (AUC) area under the curve; (CI) confidence interval; (tP) test positive; (tN) test negative; (FP) false positive; (FN) false negative

^α^ To calculate Kappa index, all canine serum samples was used (NC, n = 81; Babesia, n = 15; Tc, n = 15; CVL, n = 96)

^β^ Parasitological diagnostic assay was the gold standard test for calculating the Kappa index

\* Cut-off was calculated based on ROC curve

^\#^ Cut-off was calculated according to the manual of EIE-LVC kit.

With respect to the accuracy of the assays ([Table 1](#pone.0211719.t001){ref-type="table"}), rKDDR-ELISA showed the highest accuracy (AC = 93.24%) compared with that of rK39-ELISA (AC = 84.54%) and that of EIE-LVC kit (AC = 89.37% for cut-off obtained using the ROC curve, and AC = 73.91% for cut-off obtained from the manufacturer\'s manual).

The degree of agreement ([Table 2](#pone.0211719.t002){ref-type="table"}) between serological assays and results of parasitological assessment indicated that rKDDR-ELISA showed the best concordance index (0.863, very good), followed by that of rK39-ELISA (0.687, good), and that of the EIE-LVC kit (0.788, good, cut-off obtained via ROC curve; 0.494, moderate, cut-off indicated in manufacturer's manual).

Serological recognition of rKDDR in the diagnosis of human visceral leishmaniasis {#sec015}
---------------------------------------------------------------------------------

Validation of rKDDR in serological diagnosis of HVL was performed by comparing the rKDDR and rK39 ELISA assays. Data on the reactivity and ROC curve of rKDDR and rK39 are presented in [Fig 6](#pone.0211719.g006){ref-type="fig"}. Tables [3](#pone.0211719.t003){ref-type="table"} and [4](#pone.0211719.t004){ref-type="table"} summarize the results of performance and compliance of the assays. Serological profile recognition of human VL using rKDDR was superior to that using rK39. We did not detect any cross-reactivity with sera obtained from patients with Chagas disease using both recombinant proteins.

![Comparison of the reactivity of human sera and ROC curves rK39 and rKDDR ELISA assays.\
Two ELISA assays were performed using human sera from the following groups: NC, negative control, n = 31; Tc, patients with Chagas disease to assess cross-reactivity, n = 17; HVL, patients with human visceral leishmaniasis, n = 84. In reactivity graphs, the y-axis represents absorbance at 492 nm and x-axis shows the different groups of human sera. In the ROC curves, the sensitivity of each test is represented by y-axis and specificity is represented by x-axis. In these graphs, the red line indicates the lower limit of positivity (cut-off), and the index above each column indicates the percentage of points above the cut-off. The ROC curves were generated by Prism 5.0 software and used to determine the cut-off, sensitivity, specificity, and AUC (area under the curve) for each assay.](pone.0211719.g006){#pone.0211719.g006}

10.1371/journal.pone.0211719.t003

###### Results of sensitivity, specificity, positive and negative predictive value, and accuracy of the ELISA assays assessed using human sera.

![](pone.0211719.t003){#pone.0211719.t003g}

  ELISA Test                                       *Cut-off*   Parameters[^α^](#t003fn002){ref-type="table-fn"}                                                           
  ------------------------------------------------ ----------- -------------------------------------------------- -------------- -------- --------------- ------- ------- -------
  **rKDDR**[\*](#t003fn003){ref-type="table-fn"}   0,242       92.86                                              85.10--97.33   100.00   92.60--100.00   100     88.88   95.65
  **rK39**[\*](#t003fn003){ref-type="table-fn"}    0,204       90.48                                              82.09--95.80   97.92    88.93--99.95    98.70   85.45   93.61

Abbreviations: (CI) confidence interval; (PPV) positive predictive value; (NPV) negative predictive value; (AC) accuracy

^α^ The calculation of the parameters was performed using all human serum samples of this work (NC, n = 31; Tc, n = 17; HVL, n = 84)

\* Cut-off calculated based on ROC curve

10.1371/journal.pone.0211719.t004

###### Results of diagnostic agreement between rKDDR-ELISA and rK39-ELISA assessed using human sera.

![](pone.0211719.t004){#pone.0211719.t004g}

  ELISA Test                                       AUC     95% CI         tP   tN   FP   FN   κ[^α^](#t004fn002){ref-type="table-fn"}   95% CI         Agreement[^β^](#t004fn003){ref-type="table-fn"}
  ------------------------------------------------ ------- -------------- ---- ---- ---- ---- ----------------------------------------- -------------- -------------------------------------------------
  **rKDDR**[\*](#t004fn004){ref-type="table-fn"}   0.975   0.950--0.999   78   48   0    6    0.904                                     0.830--0.979   Very good
  **rK39**[\*](#t004fn004){ref-type="table-fn"}    0.951   0.913--0.988   76   47   1    8    0.857                                     0.768--0.947   Very good

Abbreviations: (AUC) area under the curve; (CI) confidence interval; (tP) test positive; (tN) test negative; (FP) false positive; (FN) false negative

^α^ To calculate Kappa index, all human serum samples was used (NC, n = 31; Tc, n = 17; HVL, n = 84)

^β^ Parasitological diagnostic assays was the gold standard test for calculating the Kappa index

\* Cut-off calculated based on ROC curve

The rKDDR-ELISA showed higher sensitivity (92.86%, 95% CI: 85.10 to 97.33%) and specificity (100.00%, 95% CI: 92.60 to 100.00%) compared with that of rK39 ELISA test, which showed a sensitivity of 90.48% (95% CI: 82.09 to 95.80%) and specificity of 97.92% (95% CI: 88.93 to 99.95%). The rKDDR-ELISA also showed higher PPV (100%), NPV (88.88%), and AC (95.65%) compared with those of rK39, which showed a PPV of 98.70%, NPV of 85.45%, and AC of 93.61% ([Table 3](#pone.0211719.t003){ref-type="table"}). Comparison of the two ELISA assays indicated that rKDDR-ELISA showed the largest area under the ROC curve (AUC = 0.975, 95% CI: 0.950 to 0.999), whereas rK39-ELISA showed an AUC of 0.951 with 95% CI of 0.913 to 0988 ([Fig 6](#pone.0211719.g006){ref-type="fig"} and [Table 4](#pone.0211719.t004){ref-type="table"}).

Discussion {#sec016}
==========

There is a pressing need for more accurate diagnostic tools for the diagnosis of leishmaniasis. However, the antigens presently used in leishmaniasis serological assays show suboptimal sensitivity and specificity. Therefore, it is necessary to produce new antigenic proteins that improve diagnostic accuracy. In this study, the recombinant KDDR protein showed good antigenic potential, presenting a large density of predicted linear B-cell epitopes in their repeating units. Validation of rKDDR by ELISA demonstrated a better performance in the serodiagnosis of human and canine VL compared to that of the globally used rK39 antigen.

With the advent of B-cell epitope prediction algorithms, it is possible to engineer known antigens in order to improve their performance in serodiagnostic assays. The increasing number of genomic assemblies from different species of parasites allows the selection of antigenic proteins or protein regions that are not conserved between species, conferring high specificity to a selected antigen \[[@pone.0211719.ref028]\]. In addition, large-scale production of recombinant proteins allows the obtainment of a high-purity antigen at a relatively low cost.

Several studies have shown that various repetitive proteins from parasites are often targets of the host B-cell response \[[@pone.0211719.ref017],[@pone.0211719.ref020],[@pone.0211719.ref029]--[@pone.0211719.ref039]\], which may increase the efficiency of assays used to diagnose parasitic diseases \[[@pone.0211719.ref024]\]. Indeed, parasites of the *L*. *donovani* complex express repetitive antigens, which elicit a large production of specific antibodies against their repetitive portions, in individuals with leishmaniasis \[[@pone.0211719.ref040]\]. This may occur because of the antigenic nature of repetitive proteins such as the kinesin of *L*. *infantum*. Multiple copies of repetitive motifs cause a greater exposure of repetitive antigenic portions to the host immune system. This results in a production of antibodies that recognize those repetitive portions with greater avidity \[[@pone.0211719.ref041]\]. rKDDR is not only a repetitive recombinant protein; it is nearly exclusively composed of repetitive motifs (92%), while rK39 contains only 60% of repetitive motifs in its structure \[[@pone.0211719.ref017]\]. Using bioinformatic predictions, we identified numerous linear B-cell epitopes present in the kinesin of *L*. *infantum*. These linear B-cell epitopes are present in smaller numbers in rK39 \[[@pone.0211719.ref017]\] compared to their numbers in rKDDR. rKDDR contains 32% more linear epitopes than does rK39, which may account for the increased sensitivity of rKDDR. In our analysis, we also observed a clear overlap of repetitive block positions with positions of predicted epitopes and peaks of antigenicity. This supports the notion that increased proportion of repetitive motifs improves the diagnostic performance of these motifs.

Different antigens, such as rK39 and rK28, have been used in serological assays with the aim of improving the diagnosis of leishmaniasis. However, variation between different diagnostic methods reinforces the need for more accurate and efficient techniques \[[@pone.0211719.ref042],[@pone.0211719.ref043]\]. In our study, the performance of the commercially available EIE-LVC kit (FIOCRUZ-Bio-Manguinhos, Brazil) and rK39-ELISA were evaluated and compared with that of rKDDR-ELISA using samples of canine sera. Our results show that compared with rKDDR-ELISA, the EIE-LVC kit showed the highest sensitivity at the cost of high rate of cross reactivity with related parasites even when both cut-offs were used. The Bio-Manguinhos EIE-LVC kit is recommended by the Brazilian Ministry of Health for diagnosis of VL in dogs \[[@pone.0211719.ref044]\]. However, comparative serological studies have shown that the EIE-LVC kit needs to be used in conjunction with another diagnostic method to reduce false-positive results and to compensate for high potential for cross-reactivity \[[@pone.0211719.ref045],[@pone.0211719.ref046]\].

With canine sera, rKDDR-ELISA showed higher sensitivity (88.54%) and specificity (97.30%) compared with those of the rK39-ELISA, which showed a sensitivity of 78.13% and specificity of 90.09%. These results indicate that serological recognition of VLC using rKDDR was superior to that using rK39 and the EIE-VLC kit

We then evaluated the performance of rKDDR- and rK39-based ELISA assays in the serological diagnosis of HVL. The rKDDR-ELISA showed higher sensitivity (92.86%) and specificity (100.00%) compared with those of the rK39-ELISA, which showed a sensitivity of 90.48% and specificity of 97.92%. Although the rK39-based assay showed good performance, the serological profile recognition of human VL by rKDDR was superior to that of rK39. As mentioned before, the greater sensitivity of rKDDR may be due to the fact that rKDDR has 32% more linear epitopes than does rK39. Unlike rK39, rKDDR is composed nearly exclusively of repetitive motifs. Conversely, the presence of a larger non-repetitive sequence in rK39, which is partially conserved in other parasites, may contribute to the lower specificity of rK39 compares with that of rKDDR.

Several studies, conducted worldwide, have evaluated the performance of an immunochromatographic test (ICT) based on the rK39 antigen. A study performed in India showed a sensitivity of 98% and specificity of 89% for rK39-ICT \[[@pone.0211719.ref047]\]. In a study conducted in Sudan, rK39-ICT showed a good sensitivity of 92%, but a poor specificity of 59% \[[@pone.0211719.ref048]\]. In another study conducted in Sudan, rK39-ICT showed a sensitivity of 81% and specificity of 97% \[[@pone.0211719.ref049]\]. In an earlier study, conducted in Brazil, Guimarães-Carvalho et al. (2003) showed that the sensitivity and specificity of rK39-ICT were 90% and 100%, respectively \[[@pone.0211719.ref050]\]. However, in more recent studies, also conducted in Brazil, rK39-ICT showed high specificity but low sensitivity \[[@pone.0211719.ref051],[@pone.0211719.ref052]\]. These studies, evaluating the performance of rK39-ICT in same or different regions, highlight the variability and inconsistency in the performance of rK39. It is possible that heterogeneity among the *Leishmania* parasites in different endemic regions may cause differences in the immune responses of infected hosts \[[@pone.0211719.ref053]\]. Therefore, despite the good performance of rK39-ICT, the limitations of this test are low sensitivity and poor specificity in some of the regions endemic for VL \[[@pone.0211719.ref051],[@pone.0211719.ref054]\]. Bhattacharyya et al. showed that genetic diversity, and a polymorphism in the sequence of rK39 occurring in East Africa and South Asia, influence the performance of rK39-based assay \[[@pone.0211719.ref055]\]. However, the rKDDR protein contains more repetitive sequences, suggesting that this antigen can be more widely used in the various regions.

An accurate diagnostic method should provide fundamental information regarding the epidemiological status of VL, leading to the development of more effective control measures \[[@pone.0211719.ref006]\]. The rKDDR antigen demonstrated better serodiagnostic performance in diagnosing both human and canine VL compared to the performance of the rK39 antigen. This indicates that the rKDDR protein can be used for a more accurate diagnosis of VL. The rapid immunochromatographic test is an efficient and low-cost method for monitoring and controlling the spread of leishmaniasis. In addition, this rapid test is simple to perform in the field and does not require trained technicians. In our next study, we aim to develop an immunochromatographic method using the rKDDR protein. This can be an efficient tool fin the diagnosis of canine and human leishmaniasis.
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